Objective: Patients with b-thalassemia frequently develop primary hypothyroidism and other endocrine disorders due to iron overload. We studied whether administration of excess iodide to patients with apparently normal thyroid function could uncover an underlying thyroid disease. Design and methods: Twenty-®ve patients, 10 prepubertal (mean age 11 6 3 years) and 15 adults (mean age 23 6 5 years) with normal thyroid hormone and TSH levels, a normal response of TSH to TRH and negative thyroid peroxidase antibodies received 20 mg iodide three times daily for three weeks, and thyroid hormone and TSH levels were measured weekly during, and for three weeks after, iodide administration and every 3 months thereafter for the next 5 years. Results: During iodide administration there was a signi®cant decrease in thyroid hormone concentrations which remained within normal levels, and a signi®cant increase in TSH concentrations which in 14 out of 25 (56%) patients reached the hypothyroid level. Baseline TSH values were higher in those patients who developed subclinical hypothyroidism (2.31 6 0.71 mU/l vs 1.34 6 0.64 mU/l, P 0.0016). Subclinical hypothyroidism developed in 70% of prepubertal and in 47% of adult patients. Serum ferritin was elevated in all patients. Nine of the fourteen patients (64.3%) who developed subclinical hypothyroidism during iodide administration developed hypothyroidism during the 5-year follow-up compared with only one of the eleven patients with a normal response to iodide (P 0.004).
Introduction
The b-thalassemias are widespread throughout the Mediterranean region, Africa and Asia. Estimates of gene frequencies range from 3 to 10% in some areas (1) . Patients with b-thalassemia major frequently develop endocrine disorders, and iron overload is considered as the most important contributing factor (2±4). The incidence of thyroid disorders varies greatly in different studies (5±7). Primary hypothyroidism, more often compensated, varies from 10±50% depending on the design of the study, the age and the selection of the patients, the country of origin, the type of treatment and the time of follow-up for the hematological disease (5±11).
The incidence of incipient hypothyroidism, as judged by an exaggerated thyrotropin (TSH) response to thyrotropin-releasing hormone (TRH) in the total population of the 200 b-thalassemic patients of all ages treated in our hospital, is 35%. The rest of the patients show normal thyroid hormone and TSH concentrations on the regular follow-up, and are considered to have normal thyroid function (12, 13) .
It is known that the administration of excess iodide to normal individuals will transiently inhibit the iodine organi®cation and will cause a small but signi®cant decrease in serum concentrations of thyroxine (T 4 ) and tri-iodothyronine (T 3 ) and a small but signi®cant compensatory increase in serum TSH. All these changes remain within the normal range. On the other hand, patients including children with an underlying thyroid dysfunction not clinically apparent, develop frank or subclinical hypothyroidism when exposed to pharmacological doses of iodide (14±20). The latter group of patients may eventually develop frank hypothyroidism in subsequent years after the iodide withdrawal (21) . Two patients with b-thalassemia, followed in our clinic and treated with amiodarone for cardiac arrhythmia, who developed iodide induced hypothyroidism, prompted us to evaluate the thyroidal response to iodide in patients with b-thalassemia without apparent thyroid dysfunction.
Materials and methods
Twenty-®ve patients (12 males and 13 females) with homozygous b-thalassemia major were divided into two groups according to their age: the prepubertal group (age: mean 11 6 3 years, range: 4±14, n 10) and the adult group (age: mean 23 6 5 years, range: 16±42, n 15). All patients were clinically euthyroid and no goiter was present either by palpation or by ultrasound evaluation. Thirteen of the twenty-®ve patients were positive for hepatitis C (HCV). Seven of them had received treatment with interferon-a 1±2 years earlier. After routine laboratory evaluation, including measurements of serum glutamic-oxaloacetic transaminase (SGOT), serum glutamic pyruvic transaminase (SGPT), serum ferritin, hepatitis B and C antigens, serum T 4 , T 3 , free (F) T 4 , FT 3 and thyroid peroxidase antibodies, the TSH and T 3 responses to TRH were evaluated in all patients. The dose of TRH administered was 5 mg/kg body weight, i.v. (max. 200 mg). TSH was measured at 0, 20, 30, 60 and 180 min, and T 3 at 0 and 180 min, after TRH administration. A maximum TSH response to TRH of # 23 mU/l was considered normal (22) , and these patients were included in the study.
Thyroid evaluation by ultrasound was carried out in the supine position with moderate extension of the neck with a machine equipped with a linear 10 MHz high resolution transducer and a curved array 7.5 MHz transducer. The thyroid gland was scanned at the long and short axis of each lobe. One longitudinal and two transverse diameters were recorded and the volume of each lobe was calculated by the automated installed calculation software of the machine. Thirteen prepubertal children and twenty-one adults, matched for age, sex, height and body weight, living in the same geographical area as the patients with b-thalassemia, were used as controls.
The patients received 10 drops Lugol solution (20 mg iodine) 3 times daily and blood was taken weekly for 3 weeks during iodide administration and for 3 weeks after iodide withdrawal for measurement of thyroid hormones and TSH. Urinary iodide was measured before and during iodide administration to ensure compliance. The photometric method (Sandell-Kolthoff reaction) developed by Dunn et al. (23) after digestion with chloric acid at 110 8C for 1 h was used. During the administration of iodide, serum TSH levels were measured weekly and the iodides were discontinued if TSH was found in the hypothyroid range (>5 mU/l). The study was carried out in May and June 1994, and the patients have been followed-up regularly until now. Informed consent was obtained from all adult patients, and for the children, from their parents. 
Hormone assays

Statistics
Two-tailed Student's t-test was used for comparisons between groups with normal distribution of values, and the Mann±Whitney two-sample test was used when the distribution of values was not normal. The Wilcoxon signed rank (two-tailed) test was used to evaluate statistical signi®cance of differences due to iodide treatment. The Fisher's exact test (two-tailed) was used to correlate the thyroidal response to iodide with the subsequent development of hypothyroidism during the ®ve years of the follow-up. The statistical signi®-cance was put at P < 0.05.
Results
Baseline studies
The baseline serum thyroid hormone indices and urinary iodine excretion in all patients as well as the values during and after iodide administration are shown in Table 1 . All patients had normal baseline serum T 4 , T 3 , FT 4 , FT 3 , TSH and were negative for thyroid peroxidase antibodies. The mean maximum TSH and T 3 response (180 min) to TRH at baseline were 13.63 6 5.67 (range 1.4±22.5) mU/l and 0.60 6 0.25 (range 0.1±0.8) ng/ml respectively. The mean urinary iodine excretion at baseline for the whole group was 130 6 76 mg/g creatinine, which is very similar to the iodine excretion of the population of the area of southwestern Greece where our patients live (24) .
Patients with thalassemia had smaller thyroid volume, assessed by ultrasound, as compared with the age-, sex-and body weight-matched controls (prepubertal group: 3.6 6 1.5 vs 6.9 6 2.6 ml, P 0.001; adult group: 6.7 6 1.8 vs 12.5 6 5.0 ml, P < 0.001). The thyroid volume was also compared with that of two distinct reference populations, one being iodine suf®cient (Sweden) and the other being relatively iodine de®cient (Germany), and the mean standard deviation scores for the patients with thalassemia were À0:43 6 1:26 and À1:62 6 0:65 respectively (25) .
Interestingly, the thyroid volume of our adult control group is the same as the volume of the 20-year-old group of the German population (25) .
Response to iodide
During iodide administration the total and free serum concentration of T 4 and T 3 decreased signi®cantly but remained within the normal range in all patients (Table 1) . TSH was signi®cantly increased in all patients, and in 14 (56%) patients the TSH reached the hypothyroid level (range 5.9±28.7 mU/l) ( Table 2) .
The baseline TSH value of the patients who developed subclinical hypothyroidism during iodide treatment was 2.31 6 0.71 mU/l (95% con®dence interval (C.I.) 1.90 to 2.72) and in those with a normal response to iodide treatment it was 1.34 6 0.64 mU/l (95% C.I. 0.90 to 1.76) ( Table 2 ). The difference is signi®cant (P 0.001), and there is no overlap between the 95% C.I. of the two groups. The maximum TSH value during iodide administration was positively correlated to the basal TSH (r 0.488, P 0.01). This correlation was very good in those patients who remained euthyroid during iodide administration (r 0.767 P 0.0004) but was not signi®cant in those who became hypothyroid (r 0.1 P 0.7). The baseline values of T 3 , FT 3 , T 4 , and FT 4 were similar in the two groups ( Table 2) .
The TSH response to TRH at baseline was higher in the group who developed compensated hypothyroidism (13.68 6 4.1 mU/l) than in the group with normal response to iodide (9.4 6 5.4 mU/l), but the difference is only marginally signi®cant (P 0.059). One of the patients in the group with the normal response to iodide had a decreased response of TSH to TRH at baseline and became hyperthyroid during the followup period of 5 years. Exclusion of this patient from the group of patients with normal response to iodide renders the difference between the two groups not signi®cant.
The TSH response to TRH correlated weakly with the increase in TSH during iodide treatment. This was more evident when the peak TSH value on iodide treatment was correlated with the area under the curve of TSH response to TRH at baseline (r 0.39 P 0.05).
The magnitude of the decrease (D difference) of T 3 , FT 3 and FT 4 during iodide treatment was similar in the two groups, those with normal response and those who developed compensated hypothyroidism. However, the DT 4 was greater in the latter (0.92 6 0.67 vs 1.68 6 0.98 mg/dl, P < 0.001). The nadir value of the thyroid hormones during iodide treatment was also similar in the two groups except for the FT 3 value which was 3.55 6 0.48 pg/ml in the ®rst group and 4.02 6 0.54 pg/ml in the second (P < 0.05) ( Table 2) .
After iodide withdrawal, serum T 4 , FT 4 and TSH returned to pretreatment levels, but serum T 3 and FT 3 increased above baseline levels but were still in the euthyroid range (Table 1) . TSH response to TRH (mU/l) 9.4 6 5.4 13.68 6 4.10 * P < 0:05, P < 0:01, # P < 0:001 compared with normal group.
When the two age groups were analyzed separately, some important differences were found. Seven out of ten subjects in the prepubertal group (Fig. 1) developed subclinical hypothyroidism during iodide administration (mean serum TSH: 12.9 6 7.0, range: 7±28.7 mU/l), an incidence of 70%. In the adult group (Fig. 1) , 7 out of 15 developed subclinical hypothyroidism (mean serum TSH: 10.1 6 4.3, range: 5.9±19.5 mU/l), an incidence of 47%. Baseline TSH values (2.4 6 0.7 vs 1.2 6 0.6 mU/l, P < 0.01) and TSH response to the TRH test at baseline (13.663.7 vs 7.3 6 4.3 mU/l, P 0.01) were signi®cantly higher in the adults who developed subclinical hypothyroidism during iodide administration compared with those who did not (Table 2) .
Urinary iodine excretion was measured during iodide administration and was found at very high levels to levels over the detection limit of the employed method. There was a signi®cant difference in baseline urinary iodine excretion between those patients who developed subclinical hypothyroidism during iodide administration and those who did not (103 6 69 vs 166 6 69 mg/g creatinine, P 0.026). No correlation was found between the TSH increase during iodide treatment and the T 3 response to TRH at baseline or the thyroid volume.
Serum ferritin and liver status
All patients had elevated serum ferritin levels. In the patients who developed subclinical hypothyroidism, the serum ferritin concentration was 2234 6 1045 mg/l and in those who remained normal it was 2518 6 1629 mg/l. These values represent the mean of repeated measurements of ferritin during the last two years. The mean serum liver enzyme levels for the last two years were slightly elevated in all patients. Thirteen of the twenty-®ve patients were HCV. Seven out the thirteen patients developed subclinical hypothyroidism during iodide treatment and six did not. Twelve patients were HCV negative (HCV-) and seven developed subclinical hypothyroidism during iodide. Seven of the HCV patients had received treatment with interferona 1±2 years earlier. Four belonged to the group who developed subclinical hypothyroidism on iodide treatment and three to the group with a normal response to iodide.
Follow-up
All patients have been followed-up regularly until the present time. So far, nine of the fourteen patients (64.3%) who developed subclinical hypothyroidism during iodide treatment have developed permanent hypothyroidism, as evidenced by distinct increases in serum TSH over 5 mU/l in four of them and over 10 mU/l in ®ve. In the group with a normal response to iodide, 9/11 have remained normal so far, one has developed permanent hypothyroidism and another hyperthyroidism (P 0.004, odds ratio 22.5). When the seven HCV patients who had been treated in the past with interferon-a were analyzed, we found that 2/7 have developed overt hypothyroidism and 5/7 have remained euthyroid. So far, none of the patients has developed thyroid peroxidase antibodies.
Discussion
The incidence of overt and subclinical hypothyroidism in b-thalassemia was reported to be relatively high especially in patients with long standing b-thalassemia. The present work clearly demonstrates that an underlying thyroid defect is present in thalassemia, even in patients without an apparent thyroid abnormality. When these patients were exposed to pharmacological doses of iodide, a great proportion were able to escape the inhibitory effects of iodide only by a substantial increase in serum TSH concentration, reaching values seen in primary hypothyroidism. When the iodides were withdrawn, all indices of thyroid function returned to baseline, as has been observed in other patients reported to develop transient hypothyroidism when exposed to pharmacological doses of iodide (14± 18). The majority of them developed frank hypothyroidism during the 5-year follow-up, suggesting that an underlying defect of thyroid function was present in most of them.
The cause of iodide-induced thyroid dysfunction in these patients is not readily apparent. It has been proposed that iron overload, chronic anemia, and tissue damage by hypoxia may be detrimental to thyroid tissue (26) . In one report, iron deposits were found in 37% of the patients who died from b-thalassemia (13), but the true incidence is not known. Although there is no correlation between thyroid dysfunction and serum ferritin, considerable iron overload was present despite chelation therapy with desferioxamine, and this may have led to thyroidal tissue damage. This possibility is strengthened by the ®nding, in the present study, of a small thyroid volume and high ferritin levels in the presence of iodine de®ciency, which suggest some degree of thyroid destruction.
Cytokines, and especially interleukin-6, which has been reported to be produced into the thyroid gland by the thyroid epithelial cells and has various effects on thyroid function in vitro and in vivo (27) , are potential candidates. Increased serum levels of interleukin-6 have been observed in b-thalassemia (T Alexandrides, P Matsuka & A Vagenakis, unpublished observations). However, patients with the euthyroid sick syndrome are not susceptible to the inhibitory effects of iodide despite the fact that serum cytokines are increased in the majority of these patients (28, 29) .
Interferon-a is known to affect thyroid function and many patients who developed thyroid dysfunction during interferon-a treatment became hypothyroid when exposed to excess iodide (20) . However, no increased sensitivity to the inhibitory effects of iodide was observed in our patients with HCV infection treated with interferon-a.
It is interesting to note that the younger group was more sensitive to the inhibitory effects of iodide, and that these patients were in good general condition with compliance to desferioxamine (DFO) chelation therapy, and they maintained minimum hemoglobin levels above 9 g/dl. Hence, if the iron deposition had been the only causative factor, the adult group would have been more susceptible to the inhibitory effects of iodide, since a systematic detoxi®cation program with DFO was not available before 1980 in western Greece. The greater sensitivity of the younger group cannot be attributed to the thyroid iron overload or hypoxia only. Other causes which make these patients more sensitive to the inhibitory effects of iodide and subsequently more prone to develop subclinical hypothyroidism while on iodides must therefore be sought.
There are some other points that need to be emphasized. The patients who developed subclinical hypothyroidism during iodide treatment had signi®cantly higher basal TSH values and TSH responses to TRH compared with those who did not. It appears that these patients probably harbor an underlying thyroid defect, which became more pronounced during iodide administration. An iodide-perchlorate discharge test might have revealed an organi®cation defect in these patients. Although the sensitivity of the thyroid to the inhibitory effects of iodide in normal children is not known, it seems unlikely that an incidence of 70% of subclinical hypothyroidism would be encountered in normal children. It has been reported that a 20% incidence of hypothyroidism was encountered in children receiving amiodarone therapy for cardiac arrhythmia, an incidence far lower from that observed in our study (30) . Moreover, none of the twelve young normal adults who received iodides for a prolonged time in our laboratory, has developed transient or permanent hypothyroidism 8 years after the exposure to iodides (31) . It must be pointed out, however, that the dose of iodides administered to our patients was standard in both groups. Therefore, the prepubertal patients received more iodide per kg body weight compared with the adults. Whether this would explain the higher incidence of thyroid dysfunction in these patients is not known.
Whatever the cause of increased sensitivity of the thyroid to the inhibitory effects of iodide might be, patients with b-thalassemia must be added to the long list of subjects in whom iodides should be administered with caution. The development of subclinical hypothyroidism during excess iodide exposure has a very strong prognostic value for the future development of overt hypothyroidism. This is in accordance with the concept that those patients who overcome the inhibitory effects of excess iodide with a supraphysiological increase in TSH, have an underlying thyroid defect which will become apparent in the following years.
Patients with thalassemia major commonly present with heart failure and cardiac arrhythmia. Induction of subclinical hypothyroidism with the administration of iodide-containing drugs, such as the antiarrhythmic amiodarone, can be detrimental and these children should be treated with T 4 while on amiodarone. Consonant with our ®ndings is the recent retrospective study by Mariotti et al. (32) . They report an incidence of overt hypothyroidism of 22.7% and subclinical hypothyroidism of 18% in b-thalassemic patients treated with amiodarone. The induction of subclinical hypothyroidism in prepubertal children with thalassemia may enhance their growth retardation together with the accompanying growth hormone secretory dysfunction and the delay in puberty.
